Percutaneous physiodesis is an established technique for treating mild leg-length discrepancy and problems of expected extreme height. Angular deformities resulting from incomplete physeal arrest have been reported, and little is known about the time interval from percutaneous physiodesis to actual physeal arrest. This procedure was carried out in ten children, six with leg-length discrepancy and four with expected extreme height. Radiostereometric analysis was used to determine the three-dimensional dynamics of growth retardation. Errors of measurement of translation were less than 0.05 mm and of rotation less than 0.06˚.
Percutaneous physiodesis is an established technique for treating mild leg-length discrepancy and problems of expected extreme height. Angular deformities resulting from incomplete physeal arrest have been reported, and little is known about the time interval from percutaneous physiodesis to actual physeal arrest. This procedure was carried out in ten children, six with leg-length discrepancy and four with expected extreme height. Radiostereometric analysis was used to determine the three-dimensional dynamics of growth retardation. Errors of measurement of translation were less than 0.05 mm and of rotation less than 0.06˚.
Physeal arrest was obtained in all but one child within 12 weeks after physiodesis and no clinically-relevant angular deformities occurred. This is a suitable method for following up patients after percutaneous physiodesis. Incomplete physeal arrest can be detected at an early stage and the procedure repeated before corrective osteotomy is required.
In the early 1990s percutaneous physiodesis of the growth plates around the knee replaced the earlier open methods described by Phemister 1 and Blount and Clarke 2 in most centres. [3] [4] [5] [6] [7] It is now an accepted technique for treating an expected leg-length discrepancy of less than 5 cm. Angular deformities may result from incomplete or asymmetrical physeal arrest over-or under-correction may occur. [7] [8] [9] Little is known about the time interval between percutaneous physiodesis and the development of actual physeal arrest. This could have important implications for the correct timing of the operation. We have evaluated the use of radiostereometric analysis (RSA) as developed by Selvik, 10 as a tool for monitoring percutaneous physiodesis and to measure the time interval from percutaneous physiodesis to physeal arrest.
Patients and Methods
Ten children, six with an expected leg-length discrepancy ranging from 2.5 cm to 4 cm and four with expected problems of extreme height (boys > 200 cm, girls > 190 cm) were treated by percutaneous physiodesis (Table I ). The timing of physiodesis was determined by using the Moseley graph 11 or the multiplier method 12 and the bone age by the atlas of Greulich and Pyle. 13 Scanograms taken pre-operatively and after one year, and measurement of the hipknee-ankle with the patient standing, were performed in all ten children. In those with leglength discrepancy, the proximal tibial and/or the distal femoral physis of the long leg was operated on and in those with expected extreme height, all the physes of both knees were operated on. An 8 mm cannulated drill inserted percutaneously was used to ablate the physis at 23 sites. In order to allow follow-up by RSA by segment motion analysis, tantalum balls with a diameter of 0.8 mm were inserted percutaneously using a stainless-steel cannula with a bevelled tip and a hand-operated piston (Tilly Medical Products, Lund, Sweden). Three medial and three lateral markers were placed in a triangular pattern in both the metaphysis and the epiphysis, i.e. on both sides of the growth plate (Fig. 1) . RSA was used to measure the three-dimensional dynamics of the epiphysis relative to the metaphysis and the rate of growth retardation. Each RSA examination was performed with the patient supine using two 90˚ angulated x-ray tubes (GE Medical Systems, Buc Cedex, France) facilitating simultaneous exposure of the knee with the implanted markers, and a combined reference and calibration device (Tilly Medical Products) with similar tantalum markers placed at known positions, on two separate uniplanar films (Fig. 2) . The two-dimensional distances between the images of the tantalum markers on the two films provided the data for computerised conversion to a three-dimensional co-ordinate system using Kinema software (RSA BioMedical Innovations AB, Umeå, Sweden). Thereafter, the threedimensional dynamics of growth retardation between consecutive RSA examinations could be calculated. The six tantalum markers in the epiphysis were defined as the reference segment. Translation and rotation of the metaphysis, the comparing segment, relative to the epiphysis were calculated at each examination. Because of the threedimensional definition of the axis and the defined reference segment, longitudinal growth along the y-axis in the femur was expressed as a positive value and longitudinal growth in the tibia as a negative. Positive values for rotation around the z-axis represented valgus angulation for the proximal tibia and varus angulation for the distal femur of the left knee and vice versa for the right knee (Fig. 3) .
RSA was undertaken immediately after operation and after three, six, nine and 12 weeks and at six months and one year. In one patient additional RSA examinations were performed because longitudinal growth continued without any signs of physeal arrest. In another, an examination was performed at 15 weeks because the examination at threeweeks had been missed.
The accuracy of the technique was calculated by repeat examinations performed at one of the RSA follow-ups in the ten patients.
Translatory and rotatory movements of the metaphysis relative to the epiphysis were calculated as growth in millimetres and degrees per week at each RSA examination. Calculated RSA values below the level of accuracy were considered to be not significant and were defined as physeal arrest. Statistical analysis. The accuracy, i.e. measurement errors using a 95% confidence interval, were calculated as follows: when d is the paired difference between repeated measurements of the same object, and n is the number of (pairs of) measurements.
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Results
The measurement error for translation was less than 0.05 mm and for rotation less than 0.06˚. Physeal arrest was obtained in all translatory and rotatory directions in all except one child within the first 12 weeks after operation (Table I) and that of the proximal tibial physes (n = 9) in all but one patient at a median of six weeks (3 to 12). In the distal femoral physes arrest was achieved in all but one patient at a median of nine weeks (3 to 12) after operation (Table I, Fig. 4) .
In one boy (case 1) with expected extreme height (target height 210 cm), longitudinal growth continued in both proximal tibial and distal femoral physes. In the left distal femoral physis arrest was achieved after 21 weeks, but the remaining three physes continued to grow at a steady rate. The boy had a further operation using Blount staples over both proximal tibial physes and the right distal femoral physis 37 weeks after the first procedure; this yielded physeal arrest within three weeks (Fig. 5) .
No angular deformities of clinical relevance developed in any patient (Table II) .
Discussion
The outcome of physiodesis depends on correctly estimating the age of maturity and the final leg length. It also depends on efficient physiodesis.
Current methods of estimation of the effect of physiodesis may give poor results. 9, 15 Monitoring physeal arrest by conventional radiography is inaccurate since the growth line is often visible long after closure of the physis. Measurement of the hip-knee-ankle angle is also less accurate than using RSA. 16 The timing of the operation depends on the prediction of residual growth as well as on the interval from physiodesis to physeal arrest. It has been assumed that arrest occurs immediately after surgery. This is not necessarily the case when using percutaneous physiodesis in which no mechanical device is inserted and the physis is not totally ablated. How much of the physis has to be ablated to achieve arrest of growth remains unclear. This is illustrated by case 1 in which growth continued in three of four physes (Fig. 4) . It is important that the destruction is uniform in order to avoid angular deformities during residual growth, as have been described after percutaneous physiodesis. 8, 9, 17 Even if repeat physiodesis is possible, the angular deformity at the time of diagnosis may be of such magnitude that corrective osteotomy is required.
Monitoring with RSA allowed us to follow longitudinal growth with great accuracy (i.e. < 0.05 mm) and to ensure that no clinically-significant angular deformity developed before physeal arrest had been achieved. It appears that after percutaneous physiodesis, physeal arrest is achieved within 12 weeks in most children, with the tendency that Radiograph showing the definition of axes. Fiducial plane markers refer to the tantalum markers closest to the uniplanar films in the calibration cage. Control plane markers are furthest away.
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Σd 2 2n -------------× Graph showing longitudinal growth in the ten children. The numbers at each growth line refer to the corresponding case in Table I . Graph showing longitudinal growth in case 1. the younger the child the later it occurs. The tibial physes arrested at a mean of six weeks and the femoral physes at a mean of nine weeks. However, we need to study a larger number of patients before reaching definite conclusions. The number of RSA measurements can probably be reduced after operation to six and 12 weeks, and six months when more is known about the normal time to physeal arrest in relation to age. This preliminary study indicates that RSA is suitable for the follow-up of patients after percutaneous physiodesis. It allows early detection of incomplete physeal arrest and prompt intervention by repeat physiodesis before corrective osteotomy is required. Physeal arrest after percutaneous physiodesis is not instantaneous and may be unpredictable. RSA can provide valuable information about the time interval from physiodesis to physeal arrest in relation to age.
